The hydrolysis of polysaccharides containing mannan requires endo-1,4-␤-mannanase and 1,4-␤-mannosidase activities. In the current report, the biochemical properties of two endo-␤-1,4-mannanases (Man5A and Man5B) from Caldanaerobius polysaccharolyticus were studied. Man5A is composed of an N-terminal signal peptide (SP), a catalytic domain, two carbohydrate-binding modules (CBMs), and three surface layer homology (SLH) repeats, whereas Man5B lacks the SP, CBMs, and SLH repeats. To gain insights into how the two glycoside hydrolase family 5 (GH5) enzymes may aid the bacterium in energy acquisition and also the potential application of the two enzymes in the biofuel industry, two derivatives of Man5A (Man5A-TM1 [TM1 stands for truncational mutant 1], which lacks the SP and SLH repeats, and Man5A-TM2, which lacks the SP, CBMs, and SLH repeats) and the wild-type Man5B were biochemically analyzed. The Man5A derivatives displayed endo-1,4-␤-mannanase and endo-1,4-␤-glucanase activities and hydrolyzed oligosaccharides with a degree of polymerization (DP) of 4 or higher. Man5B exhibited endo-1,4-␤-mannanase activity and little endo-1,4-␤-glucanase activity; however, this enzyme also exhibited 1,4-␤-mannosidase and cellodextrinase activities. Man5A-TM1, compared to either Man5A-TM2 or Man5B, had higher catalytic activity with soluble and insoluble polysaccharides, indicating that the CBMs enhance catalysis of Man5A. Furthermore, Man5A-TM1 acted synergistically with Man5B in the hydrolysis of ␤-mannan and carboxymethyl cellulose. The versatility of the two enzymes, therefore, makes them a resource for depolymerization of mannan-containing polysaccharides in the biofuel industry. Furthermore, on the basis of the biochemical and genomic data, a molecular mechanism for utilization of mannan-containing nutrients by C. polysaccharolyticus is proposed.
Bioenergy feedstocks consist primarily of the plant cell wall components cellulose and hemicellulose, and hydrolysis of these polysaccharides to their monomeric sugars involves a set of enzymes acting synergistically to cleave the different chemical linkages (9) . Although cellulose consists of glucose units linked together in ␤-1,4-glycosidic linkages, the hemicellulosic component of feedstock may vary in chemical composition. Some feedstock hemicellulose molecules are mainly composed of ␤-1,4-linked xylose backbones with arabinose side chains, while others are comprised of a larger variety of sugars, including galactose and mannose existing as various forms of mannan (26) . Mannans constitute a less significant portion of hemicellulose in bioenergy feedstocks, such as switchgrass. However, the presence of mannan may result in linkages that restrict release of fermentable sugars.
A variety of mannans are found in nature. These include linear mannan, glucomannan, galactomannan, and glucogalactomannan. In each case, the polysaccharide contains a ␤-1,4-linked backbone of mannose residues that may be substituted up to 33% (or up to 50% in hardwoods) with glucose residues (32) . In galactomannans or glucogalactomannnans, galactose residues are linked in ␣-1,6-linkages to the mannan backbone (26) . Therefore, hydrolysis of mannan to its component sugars requires endo-1,4-␤-mannanases that hydrolyze the backbone linkages to generate short-chain manno-oligosaccharides that are further degraded to monosaccharides by 1,4-␤-mannosidases.
Caldanaerobius polysaccharolyticus (21) , originally named Thermoanaerobacterium polysaccharolyticum (5) , is a thermophilic bacterium isolated from a waste pile from a canning factory in Illinois. It was demonstrated that the C. polysaccharolyticus genome encodes Man5A, a modular enzyme with mannanase/endoglucanase activities (4) , and recently, the structures of the individual carbohydrate-binding modules (CBMs) that occur in tandem in this enzyme have been solved both in the apo form and also in complex with ligand (2) . In the present report, we show that C. polysaccharolyticus contains a second mannanase gene, man5B. Interestingly, the gene product Man5B lacks the predicted signal peptide, CBMs, and surface layer homology (SLH) modules found in Man5A. The C. polysaccharolyticus Man5B hydrolyzes mannan-containing polysaccharides and both manno-and cello-oligosaccharides. Furthermore, we demonstrate that Man5B acts synergistically with Man5A-TM1 (TM1 for truncational mutant 1), a derivative of Man5A, to release products from substrates, such as ␤-mannan and car-boxymethyl cellulose (CMC). The catalytic efficiencies of Man5A-TM1, Man5A-TM2, and Man5B were determined on different substrates, and site-directed mutagenesis was used to identify the critical residues involved in catalysis in the two enzymes.
Reactions at high temperatures are critical for the enzymatic conversion of plant cell wall polysaccharides to fermentable sugars in the emerging biofuel industry. The two enzymes described in the present report represent examples of applicable enzymes necessary for enzymatic depolymerization of lignocellulose. In addition, the detailed description of the biochemistry of Man5A and Man5B aids us to propose a mechanism by which Caldanaerobius polysaccharolyticus derives energy from substrates, such as mannan-containing polysaccharides.
University of Illinois at Urbana-Champaign). The plasmid constructs were introduced into E. coli BL21-CodonPlus(DE3) RIL competent cells that were then cultured at 37°C in LB (1 liter) supplemented with ampicillin and chloramphenicol with vigorous shaking (225 rpm/min). At an optical density of 0.3 at 600 nm, the temperature was shifted to 16°C and gene expression was induced by the addition of isopropyl ␤-D-thiogalactopyranoside (IPTG) (0.1 mM). After 16 h of growth, the cells were harvested by centrifugation, and the cell pellets were resuspended in 30 ml lysis buffer (50 mM Tris-HCl, 300 mM NaCl [pH 7.0]) and ruptured by passage through an EmulsiFlex C-3 cell homogenizer from Avestin (Ottawa, Canada). The cell lysate was heated at 65°C for 30 min to denature the heat-labile E. coli proteins. The recombinant proteins were then purified by Talon metal affinity resin with a Tris-based binding buffer (50 mM Tris-HCl, 300 mM NaCl [pH 7.5]) and elution buffer (50 mM Tris-HCl, 300 mM NaCl, 250 mM imidazole [pH 7.5]). The purified proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (19) and staining with Coomassie brilliant blue G-250. After the proteins were transferred into storage buffer (50 mM Tris-HCl, 150 mM NaCl [pH 7.5]), protein concentrations were calculated using the following extinction coefficients:
Hydrolysis of pNP-linked sugars. The hydrolytic activities of Man5A-TM1, Man5A-TM2, and Man5B with para-nitrophenyl (pNP)-linked substrates were assayed using a thermostated Cary 300 UV-visible light spectrophotometer from Varian Inc. (Palo Alto, CA). Fifteen different substrates were screened. The
The different pNP substrates (final concentration of 1.0 mM) were incubated at 65°C in the presence or absence of Man5A-TM1, Man5A-TM2, or Man5B (final concentration of 100 nM) in citrate buffer (50 mM sodium citrate [pH 5.5]) for 30 min, and the rate of pNP release was determined by monitoring the absorbance at 400 nm continuously. The extinction coefficient of pNP at pH 5.5 was determined as 1,636 M Ϫ1 cm Ϫ1 .
Optimal temperature and pH for Man5B. The optimum temperature for Man5B was determined by incubating the protein (final concentration of 5 nM) with pNP-␤-D-mannopyranoside or pNP-␤-D-cellobioside in citrate buffer at temperatures ranging from 45 to 80°C in increments of 5°C. The optimum pH for Man5B was determined with pNP-␤-D-mannopyranoside and pNP-␤-D-cellobioside at 65°C. Buffers with different pH values ranging from 3.0 to 10.0 in increments of 0.5 pH values (pH 3.0 to 6.0 for citrate buffer [50 mM], pH 6.5 for phosphate-citrate buffer [50 mM], pH 7.0 to 8.0 for Tris-HCl buffer [50 mM], and pH 9.0 to 10.0 for glycine buffer [50 mM]) were employed. For both the pH and optimum temperature experiments, the release of pNP was monitored by continuously monitoring the absorbance at 400 nm. Extinction coefficients were determined for para-nitrophenol in each of the different buffers, and the resulting values were used to calculate the initial velocities from the slopes of the changes in absorbance at 400 nm as a function of time.
Hydrolysis of oligosaccharides by Man5A-TM1, Man5A-TM2, and Man5B. For endpoint assays, the substrates (10 mg/ml) were independently incubated with Man5A-TM1, Man5A-TM2, or Man5B (final concentration of 0.5 M) in citrate buffer (final volume of 10 l) at 65°C. After 12 h of incubation, 2 volumes of ethanol was added to the hydrolysates, and then the mixtures were evaporated using a Savant DNA120 SpeedVac concentrator (Savant, Ramsey, MN), and the end products were resuspended in 2.5 l of double-distilled water (ddH 2 (20, 31) . Monomeric mannose (M 1 ) and ␣-1,6-galactosyl-mannobiose (GM 2 ) were used as standards. Determination of catalytic efficiencies for Man5A-TM1, Man5A-TM2, and Man5B with oligosaccharides. The catalytic efficiencies of Man5A-TM1, Man5A-TM2, and Man5B for manno-oligosaccharides (M 2 to M 6 ), gluco-oligosaccharides (G 2 to G 6 ), and galactosyl-manno-oligosaccharides (GM 2 and GM 3 ) were determined by HPAEC by the method of Matsui et al. (24) . Reaction mixtures were prepared with oligosaccharide substrates (final concentration of 30 M) in citrate buffer, and the reaction was initiated by the addition of Man5A-TM1, Man5A-TM2, or Man5B. For oligosaccharides M 2 , M 3 , G 2 , G 3 , GM 2 , and GM 3 , the Man5A-TM1 or Man5A-TM2 enzyme was added to a final concentration of 5 M, and for M 4 to M 6 and G 4 to G 6 , the two enzymes were added to a final concentration of 3 nM. The Man5B enzyme was added to the reaction mixture to a final concentration of 5 M for G 2 and to a final concentration of 3 nM for the other oligosaccharides. The relationship between hydrolysis rate and oligosaccharide substrate concentration (0, 30, 60, and 90 M) was linear; therefore, the substrate concentration of 30 M should be well below K m . A linear relationship was also observed between substrate depletion and hydrolysis time (0, 5, 10, and 15 min), so the hydrolytic reactions were terminated at 5 min. The substrate concentrations at the beginning of the reaction ([S 0 ]) and at specified times ([S t ]) (5 min) during the reaction were fitted to equation 1 to determine the catalytic efficiencies (6, 7) as follows:
where
is the concentration of enzyme. Hydrolysis of plant polysaccharides by Man5A-TM1, Man5A-TM2, and Man5B. To evaluate the enzymatic activities of Man5A-TM1, Man5A-TM2, and Man5B on polysaccharide substrates (guar gum, locust bean gum, glucomannan, ␤-mannan, CMC, xylan, or lichenan), the specific activities were determined in citrate buffer (50 mM sodium citrate, pH 5.5) at 65°C. For locust bean gum, glucomannan, ␤-mannan, and lichenan, the enzymes were added to a final concentration of 0.5 nM, and for CMC, xylan, and guar gum, the three enzymes were added to a final concentration of 5 nM. At regular time intervals (3, 6 , and 9 min), 100-l aliquots were removed from the reaction mixtures, and the enzymes were inactivated by heating at 100°C for 10 min. The concentration of reducing ends in the supernatant was then determined using the para-hydroxybenzoic acid hydrazide (PHBAH) method with glucose as a standard (23) .
To assess the synergistic activities of Man5A-TM1, Man5A-TM2, and Man5B in the hydrolysis of polysaccharide substrates (locust bean gum, guar gum, glucomannan, ␤-mannan, and CMC), the substrates (0.5% [wt/vol]) were incubated with each enzyme in citrate buffer at 65°C in a final reaction mixture volume of 2.5 ml. The enzymes and enzyme mixtures analyzed for hydrolysis were as follows: (i) Man5A-TM1 (50 nM), (ii) Man5A-TM2 (50 nM), (iii) Man5B (50 nM), (iv) Man5A-TM1 (25 nM) and Man5A-TM2 (25 nM), (v) Man5A-TM1 (25 nM) and Man5B (25 nM), and (vi) Man5A-TM2 (25 nM) and Man5B (25 nM). At regular time intervals (5, 10, 20, 30 , and 60 min), 100-l aliquots were removed from reaction mixtures, and the enzymes were inactivated by heating at 100°C for 10 min. The concentration of reducing ends was then determined by the PHBAH method.
Site-directed mutagenesis. Multiple amino acid sequence alignments were constructed using ClustalW (http://align.genome.jp). Mutagenesis was carried out using the PCR-based QuikChange XL site-directed mutagenesis kit according to the manufacturer's instructions (Stratagene, La Jolla, CA). The mutagenic primers are listed in Table S1 in the supplemental material. The inserts in the mutated plasmids were sequenced to confirm that only the mutations introduced through the primers were present. The mutant recombinant proteins were expressed and purified as described above for the nonmutated proteins.
RESULTS

Cloning and expression of Man5A derivatives and Man5B.
The analysis of the genome sequence of Caldanaerobius polysaccharolyticus revealed the presence of two glycoside hydrolase family 5 (GH5) genes that were predicted to encode enzymes with ␤-mannanase activity. Consequently, they were designated Man5A and Man5B. The modular architecture of Man5A was described in an earlier report (4) . Briefly, Man5A is composed of an N-terminal GH5 catalytic domain, flanked at the C terminus by a region of unknown function, followed by two family 16 carbohydrate-binding modules (CBMs) in tandem and then three surface layer homology (SLH) repeats. Ahead of the catalytic domain is a predicted signal peptide, which was removed during PCR amplification of each Man5A derivative. The polypeptide sequence of Man5A was deposited in GenBank with accession number AAD09354. In the current report, two truncational mutants of Man5A were constructed to probe the importance of the SLH and CBMs for the hydrolytic activity of Man5A on different mannan-containing substrates (Fig. 1A) . Man5A-TM1 (TM1 stands for truncational mutant 1) was constructed by deleting the signal peptide and the three SLH repeats. An additional truncational mutant (Man5A-TM2) was constructed by deleting the two CBMs from Man5A-TM1 to facilitate comparison of the GH5 catalytic modules of Man5A and Man5B (Fig. 1A) . In addition, the gene coding for the single-module Man5B was cloned. The gene product of Man5B lacks a signal peptide, which suggests an intracellular function. The three proteins were expressed in E. coli cells as N-terminal hexahistidine fusion proteins to facilitate protein purification. Following a two-step purification procedure involving heat denaturation of mesophilic host proteins and metal affinity chromatography, the three proteins were highly purified as determined by SDS-PAGE analysis (Fig. 1B) . The molecular masses were calculated from the primary amino acid sequences, and the values for Man5A-TM1 (98.3 kDa), Man5A-TM2 (66.5 kDa), and Man5B (39.2 kDa) were in good agreement with the molecular masses estimated by SDS-PAGE.
Screening for activity with pNP-linked sugars. Man5B exhibited hydrolytic activity with pNP-␤-D-mannopyranoside and pNP-␤-D-cellobioside as substrates, the specific activities of which were 14.2 IU/mg and 11.3 IU/mg, respectively. Compared to Man5B, Man5A-TM1 and Man5A-TM2 exhibited very little detectable activity with the two pNP-linked substrates. The temperature and pH optima for Man5B were determined with both pNP-␤-D-mannopyranoside and pNP-␤-D-cellobioside as substrates (data not shown). The enzyme was active at temperatures ranging from 45°C to 80°C. Interestingly, Man5B has different temperature optima with the two pNP substrates. For pNP-␤-D-cellobioside, the optimal temperature of the enzyme was around 65 to 70°C. About 50% activity was retained by incubation for 30 min at 80°C. The optimal temperature of Man5B against pNP-␤-D-mannopyranoside was around 60 to 65°C. Man5B was active at a pH range of 4.5 to 7.0, and the optimal pH was around 5.5 with both of the pNP substrates. The optimum temperature and pH of Man5A were 65 to 75°C and 5.8, respectively, as previously reported (4) . The catalytic efficiencies of Man5A-TM1 and Man5A-TM2, using VOL. 192, 2010 TWO ENDO-1,4-␤-MANNANASES FROM C. POLYSACCHAROLYTICUS 4113 the two pNP-linked substrates, were 2 orders of magnitude less than that of Man5B (Table 1 ).
Man5A and Man5B exhibit different specificities with oligosaccharide substrates. To compare the substrate specificities of Man5A-TM1, Man5A-TM2, and Man5B, the three purified enzymes were screened for hydrolytic activity with manno-and cello-oligosaccharides. The products of hydrolysis were resolved by thin-layer chromatography. Man5A-TM1 and Man5A-TM2 were unable to hydrolyze mannobiose, mannotriose, and mannotetraose ( Fig. 2A and C) and likewise cellobiose, cellotriose, and cellotetraose ( Fig. 2B and D) . However, as the degree of polymerization of the oligosaccharide increased to 5 and 6, both Man5A-TM1 and Man5A-TM2 hydrolyzed cello-and manno-oligosaccharides, releasing end products that ranged from trisaccharides to monosaccharides ( Fig. 2A to D) . In contrast to the Man5A constructs, Man5b exhibited hydrolytic activity with all of the oligosaccharides tested ( Fig. 2E and  F) with the exception of cellobiose. All of the manno-oligosaccharides were converted to a mixture of mannobiose and mannose, while the cello-oligosaccharides were converted to shorter oligosaccharides. The products of hydrolysis of cellooligosaccharides were not completely converted to cellobiose and glucose during the course of the reaction (Fig. 2E and F) .
To provide a more quantitative assessment of the substrate specificities of Man5A-TM1, Man5A-TM2, and Man5B, the catalytic efficiencies for the enzymes were determined with manno-and cello-oligosaccharides. There was no detectable activity for Man5A-TM1 and also Man5A-TM2 with oligosaccharides with a degree of polymerization (DP) of less than 4. However, for these Man5A derivatives, in general, the catalytic efficiency (k cat /K m ) increased with substrates with a higher DP (Table 1) . Furthermore, the k cat /K m values for the two Man5A derivatives with manno-oligosaccharides were higher than those with cello-oligosaccharides (Table 1) .
Consistent with the results for the two Man5A derivatives, Man5B showed higher hydrolytic activity with manno-oligosac- . The experiments were performed in triplicate, and data are reported as means Ϯ standard deviations from the means. ND, not detectable (activity was below the detection limit for the assay). charides than with cello-oligosaccharides, and the k cat /K m also increased with substrates with a higher DP. Compared to mannobiose, there was a substantial increase (Ͼ10-fold) in k cat /K m of Man5B with mannohexaose, and similar results were also observed for cello-oligosaccharides. Hydrolysis of substrates of increasing complexity. The capacity of the three enzymes to hydrolyze two substrates of medium complexity, galactosyl mannobiose (GM 2 ) and galactosyl mannotriose (GM 3 ), were investigated. Man5A-TM1 and Man5A-TM2 were incapable of releasing products from both GM 2 and GM 3 substrates (Fig. 3A, B, D , and E). Man5B released GM and mannose products from GM 2 ; however, this was detected only by high-performance anion-exchange chromatography (HPAEC) analysis (Fig. 3D) . Man5B was able to effectively release mannose and GM 2 from GM 3 ( Fig. 3C and  E) . The catalytic efficiencies of Man5B for GM 2 and GM 3 were also determined, and the value for GM 3 was 20-fold higher than that for GM 2 (Table 1 ). For the hydrolysis of both GM 3 and GM 2 with Man5B, no galactose was detected in the products, indicating that Man5B cleaves only the ␤-1,4-bond between mannose residues and does not cleave the ␣-1,6-bond between galactose and mannose (Fig. 3E) .
Analyses of the hydrolytic activities of the enzymes with polymeric substrates were performed by determining the specific activity of each enzyme on locust bean gum, guar gum, ␤-mannan, glucomannan, CMC, lichenan, or xylan. Man5A-TM1 exhibited hydrolytic activity with each of the polymeric substrates, and the highest activity was found with glucomannan (Fig. 4) . The specific activity of Man5A-TM2 was highly reduced with each of the substrates, suggesting that the carbohydrate-binding modules that are present in Man5A-TM1 but absent in Man5A-TM2 are generally important for the hydrolytic activity of Man5A with polysaccharide substrates. Man5B exhibited differences in substrate specificity compared to the two Man5A derivatives, with almost no activity when incubated with CMC, lichenan, or xylan from oat spelt (Fig. 4) . Although Man5B lacks CBMs, its specific activities on locust bean gum, guar gum, ␤-mannan, and glucomannan were very high; however, in each case, the specific activity was less than that of Man5A-TM1. As observed for Man5A-TM1, the highest spe- cific activity for ManB was also recorded with glucomannan as the substrate. The results suggest that although Man5A-TM2 and Man5B are similar in architecture, in that they lack carbohydrate-binding modules, there may be other differences in the catalytic modules that confer some differences in substrate specificities and enzymatic activities in the two proteins.
To evaluate the product distribution following hydrolysis of polysaccharide substrates with Man5A-TM1, Man5A-TM2, or Man5B, the enzymes were incubated with guar gum, locust bean gum, glucomannan, ␤-mannan, or carboxymethyl cellulose, and the products of hydrolysis were analyzed by HPAEC. The results from these studies indicated that only relatively long oligosaccharides (DP greater than 3) were released from polysaccharides incubated with Man5A-TM1 (locust bean gum, guar gum, ␤-mannan, glucomannan, and carboxymethyl cellulose) and Man5A-TM2 (glucomannan and ␤-mannan) (see Fig. S1 to S5 in the supplemental material). Conversely, when Man5B was incubated with various polysaccharides, the product distribution was highly enriched for shorter oligosaccharides, with mannose and mannobiose being the predominant products (see Fig. S1 to S5 in the supplemental material). These results suggest that Man5A and Man5B have distinct differences in the products that they release from polysaccharides.
Synergistic activities of Man5A derivatives and Man5B. The C. polysaccharolyticus enzymes were tested for synergistic activity. The enzymes were incubated independently or in binary combinations with guar gum, locust bean gum, glucomannan, ␤-mannan, or CMC, and the amount of reducing ends released was monitored over time (Fig. 5) . In addition, an aliquot of each reaction mixture from all substrate-enzyme combinations was removed at the 1-h time point, and the product composition was analyzed by HPAEC (see Fig. S1 to S5 in the supplemental material). The total concentration of enzyme in each of the reaction mixtures was maintained at 50 nM.
In the case of locust bean gum, glucomannan, and CMC, the activity of Man5A-TM1 was not influenced by the addition of Man5A-TM2 to the reaction mixture. With guar gum as the substrate, the release of reducing ends in the presence of the two enzymes was additive. Interestingly, the release of reduc- ing ends or products by Man5A-TM1 was stimulated in the presence of Man5A-TM2 with ␤-mannan as the substrate. The activity of Man5A-TM1 was also studied in the presence of Man5B. The release of reducing ends from guar gum and locust bean gum by Man5A-TM1 in the presence of Man5B was additive. However, Man5A-TM1 and Man5B acted synergistically to release reducing ends from CMC and ␤-mannan ( Fig. 5iv and v) . This synergistic activity was confirmed by results from HPAEC analysis for hydrolysis of ␤-mannan (see Fig. S4 in the supplemental material [Man5A-TM1, Man5B, and Man5A-TM1/Man5B]) and CMC (see Fig. S5 in the supplemental material [Man5A-TM1, Man5B, and Man5A-TM1/ Man5B]). Mutational analysis to identify catalytic residues in Man5A and Man5B. To identify active site residues for Man5A, we constructed amino acid sequence alignments and generated a three-dimensional homology model based on the available crystal structure of a ␤-mannanase from Thermobifida fusca (Protein Databank accession no. 1BQC) (13) . The T. fusca protein shares 23% identity with the catalytic domain of Man5A. The sequence alignments and the homology model suggested that E177 and E285 may be catalytic residues in Man5A (results not shown). Each residue was replaced with either glutamine or alanine, and circular dichroism scan was used to confirm that the mutations did not severely impact the secondary structural elements of the protein (results not shown). The hydrolytic activities of the E177A, E1771Q, E285A, and E285Q mutants on locust bean gum, guar gum, ␤-mannan, or glucomannan were all markedly decreased than the hydrolytic activity of Man5A-TM1 (results not shown). Similar experiments were carried out on Man5B through amino acid sequence alignments and a three-dimensional homology model based on the crystal structure of the Clostridium thermocellum endoglucanase CelC (Protein Databank accession no. 1CEC) (11, 27) . The likely catalytic residues identified were E137 and E258, and replacing each residue with either glutamine or alanine, although not severely impacting the secondary structural elements, led to severe decreases in the hydrolysis of pNP-␤-D-cellobioside and pNP-␤-D-mannopyranoside (results not shown). These data suggested that E177 and E285 in Man5A and E137 and E258 in Man5B, which based on amino acid sequence alignment correspond to catalytic residues in other GH5 enzymes (3, 29) , are important for catalysis.
DISCUSSION
The complete hydrolysis of (hetero)mannans to their component monosaccharides requires the synergistic action of endo-acting ␤-mannanases, exo-acting ␤-mannosidases, exoacting ␤-glucosidases, ␣-galactosidases, and acetylmannan esterases (26) . Galactose and acetyl decorations are removed by the side chain cleaving activities of ␣-galactosidases and acetylmannan esterases. The internal glycosidic linkages within the backbone of mannans are hydrolyzed into manno-oligosaccharides or gluco-manno-oligosaccharides by endo-␤-1,4-mannanases, and then ␤-mannosidases and ␤-glucosidases release mannose or glucose, respectively, from the nonreducing end. Previously, our laboratory cloned and characterized a multidomain ␤-mannanase (Man5A) from C. polysaccharolyticus (4) . In the present report, we identified an additional gene encoding ␤-mannanase (man5B) from the partial genome sequence of this bacterium. To gain insight into how C. polysaccharolyticus may utilize these enzymes in nutrient acquisition, especially from mannan-containing polysaccharides, we studied the properties of recombinant Man5B and two truncational mutants of Man5A.
Deletion of the two family 16 carbohydrate-binding modules (CBMs) from Man5A resulted in a significant loss of both FIG. 4 . Hydrolysis of polysaccharides by Man5A-TM1, Man5A-TM2, and Man5B. The specific activities of the three enzymes on the indicated polysaccharides were determined by the rate of release of reducing ends in reaction buffer (50 mM citrate buffer [pH 5.5]) at 65°C. For locust bean gum, glucomannan, ␤-mannan, or lichenan (0.5% [wt/vol]), the enzymes were at a final concentration of 0.5 nM, and for CMC, xylan, and guar gum, the enzymes were at a final concentration of 5 nM. For each experiment, the reactions were performed three independent times, and the data were reported as means plus standard deviations from the means.
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TWO ENDO-1,4-␤-MANNANASES FROM C. POLYSACCHAROLYTICUS 4117 mannanase and carboxymethyl cellulase (CMCase) activities (4). In the current study, we studied the influence of the CBM domains on Man5A catalytic activity with a variety of oligosaccharide and polysaccharide substrates. When the two CBM domains were deleted from Man5A, catalytic activity with polysaccharides was drastically reduced. This result suggests that the CBMs influence the catalytic activity of Man5A, which is consistent with previous results that reported that CBMs increase the catalytic activities of associated catalytic modules (28) . Although CBMs are generally thought to influence catalytic activities of associated catalytic domains mainly on insoluble substrates, our results indicated that the catalytic activities with soluble substrates (locust bean gum, guar gum, carboxymethyl cellulose, and glucomannan) could also be increased by the presence of CBMs. This finding is in agreement with an observation made by others (17) , although the mechanism by which the CBMs increase activity with soluble substrates is currently unknown. We postulate that these CBMs target the enzyme to regions lacking decorations in the polysaccharide and therefore reduce formation of unproductive complexes. We look forward to investigating this hypothesis. Both truncational mutants of Man5A had no detectable hydrolytic activity with manno-or cello-oligosaccharides with a degree of polymerization (DP) of less than 4 but cleaved celloand manno-oligosaccharides with a DP from 4 to 6. Conversely, Man5B cleaved shorter manno-and cello-oligosaccharides, in addition to the longer oligosaccharides. Man5A and Man5B both have catalytic domains that group within the glycoside hydrolase family 5 (GH5) (http://www.cazy.org/), and by mutational analysis, the two glutamic acid residues, important for catalysis, were shown as conserved in the two enzymes (3, 29) . Despite this similar domain grouping, the two proteins share relatively low amino acid sequence similarity (23% identity over 115 amino acids aligned). The differences in amino acid sequence similarity between these two proteins may have significant consequences for the catalytic activities of the enzymes and may explain in part, the differences in substrate specificities and end product distributions of Man5A and Man5B. The observation that Man5A-TM1 and Man5A-TM2 released similar products from polysaccharides suggests that the two CBM domains do not influence the product distribution for Man5A and further supports the idea that the product distribution is largely determined by the GH5 catalytic module. The catalytic activity of Man5A-TM1 on glucomannan was the highest among the five polysaccharides. Also, the specific activity of Man5A-TM1 for locust bean gum was considerably higher than that of ␤-mannan and guar gum. These results suggest that a lower degree of ␣-linked galactose substitution (mannose/galactose ratio of 4:1) found in locust bean gum (26) might promote the hydrolysis of the mannan backbone, whereas the higher galactose substitution in guar gum (mannose/galactose ratio of 2:1) might decrease the accessibility of substrates to the CBMs or active site of Man5A-TM1. This hypothesis can be tested by including an ␣-galactosidase in the reaction mixture. In fact, C. polysaccharolyticus has been demonstrated to elaborate an ␣-galactosidase activity (16) . In regards to ␤-mannan, it is likely that its lower solubility might have contributed to lower accessibility to the enzyme. The pattern of enzymatic activity of Man5B on the mannan-containing substrates followed a trend similar to that of Man5A-TM1 (glucomannan Ͼ locust bean gum Ͼ ␤-mannan Ͼ guar gum), which suggests that these two enzymes have evolved in this bacterium to work on similar substrates as described below.
Man5A-TM1 and Man5B acted synergistically to release end products. A possible explanation is that Man5A and Man5B release different products from polysaccharides, with Man5A cleaving polysaccharides into oligosaccharides that are converted to mono-or disaccharides by Man5B. Also, some CBMs have been found to have "disruptive" activity on the substrate, thus promoting catalysis by increasing substrate accessibility to the enzyme (8, 30) . The hydrolytic activity of Man5A-TM1 was stimulated in the presence of Man5A-TM2 with ␤-mannan as the substrate, and this might be attributable to the CBMs of Man5A-TM1 making the substrate more accessible.
Man5A has a putative N-terminal Sec-dependent signal peptide, suggesting a protein secreted outside the cell. Man5A also contains surface layer homology (SLH) repeats which have predicted roles in anchoring proteins to the cell surface (25) . These observations suggest that Man5A may be secreted and subsequently tethered to the cell surface. Our data suggest that the products of enzymatic hydrolysis of mannan polysaccharides by Man5A are relatively long manno-oligosaccharides. Therefore, we hypothesize that Man5A cleaves polysaccharides into oligosaccharides in close proximity to the cell surface, such that they are transferred into the cell by a membrane-associated transport system (Fig. 6A) . In fact, clustering with man5B in the genome of C. polysaccharolyticus is an ABC transporter that may serve this function (Fig. 6B) . We further postulate that Man5B remains in the cytoplasm and cleaves the transported oligosaccharides into mono-and disaccharides for subsequent metabolism. A similar strategy for capture of nutrients from water-insoluble xylan was recently reported for Paenibacillus sp. strain W-61 (12) . We look forward to testing our hypothesis in the near future.
The biochemical characterization of the two thermophilic ␤-mannanases provides insight into the physiological role of these enzymes in mannan degradation, and the genomic context of Man5B has allowed us to propose a possible mechanism by which C. polysaccharolyticus transports the end products for utilization. Similar to other mannanases, such as Bacillus agaradhaerens Man5A (29) , Bacillus subtilis Man26A (29), Cellu- (14), the catalytic efficiencies of both Man5A and Man5B of C. polysaccharolyticus increased with increasing length of manno-oligosaccharides. Furthermore, it has been reported that in GH5 mannanases with known three-dimensional structures, a relaxed specificity for glucose or mannose is observed; however, due to their absolute specificity for mannose at the Ϫ1 subsite, they cleave only mannosidic bonds, as observed for other mannanases (29) . In the present report, Man5A and Man5B showed the highest specific activities with glucomannan as substrate. However, these two enzymes are quite unique in their capacity to cleave both ␤-1,4 mannosidic and ␤-1,4 glucosidic bonds. The synergistic effects of these two enzymes also suggest that they may be valuable in the saccharification of mannan-containing plant cell wall polysaccharides for subsequent biofuel production.
